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CHAPTER	3:	CHARACTERIZING	RECOMBINATION	IN	MANIHOT	
ESCULENTA	
















































































d	at	site	v:	!!(!) = !!(!,!),!!(!,!) ,	where	!!(!,!)	and !!(!,!)	denote	the	observed	counts	of	allele	A	and	allele	B,	respectively,	in	individual	d	at	site	v.	To	ensure	that	genotype	likelihoods	were	calculated	in	a	consistent	manner,	we	computed	genotype	likelihoods	for	each	individual	at	each	site	using	the	data	stored	in	the	AD	subfield	rather	than	using	those	provided	in	the	PL	subfield	of	the	VCF	file.	Given	observed	data	!!(!)	and	fixed	sequencing	error	rate	e	=	0.01,	we	computed	the	likelihood	for	genotype	!!(!) = !.	We	calculated	genotype	likelihoods	for	a	single	individual	at	a	single	site	independent	of	all	other	individuals	and	sites	in	the	sample	using	the	following	equation:		
! !!! |!!! = !, ! = !!!,! + !!!,!  !!!,!  1− !! !!!,! (!!)!!!,! 		













































Figure	 1.1	 Estimates	 of	 accuracy	 as	 a	 function	 of	 L	 for	 13028	 sites	 imputed	












Figure	 1.3.	 Per-site	 and	 per-individual	 imputation	 accuracy	 as	 a	 function	 of	
missing	data	and	median	read	depth.		(A)	Beagle	and	glmnet	imputation	accuracy	as	a	function	of	missing	data	for	sites	in	set	C	(n	=	9737).	(B)	The	x-	and	y-axis	display	the	proportion	of	missing	data	and	the	accuracy	difference	between	Beagle	and	glmnet	at	the	site	and	individual	level.	The	range	of	x	is	divided	into	ten-equally	sized	bins	(i.e.	0.00	<	x	≤	0.10,	0.10	<	x	≤	0.20,	…,	





Figure	1.4.	Imputation	accuracy	as	a	function	of	MAF	The	 left	 and	 middle	 panels	 show	 per-site	 accuracy	 of	 Beagle	 and	 glmnet	 as	 a	function	of	(estimated)	MAF.	The	right-most	panel	shows	the	difference	in	accuracy	between	 Beagle	 and	 glmnet	 at	 each	 site	 as	 a	 function	 of	 MAF.	 We	 observed	 the	
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a	function	of	MAF	and	proportion	of	missing	data	for	11535	sites.		(A)	Genotypes	in	a	sample	of	2490	C1	individuals	were	imputed	using	two	different	reference	panels:	 reference	panel	A,	 comprised	of	694	phased	GG	 individuals,	 and	reference	panel	B,	 comprised	of	80	phased	 individuals	 listed	as	progenitors	of	 the	C1	population.	(B	and	C)	Points	falling	on	the	black	vertical	line	at	y	=	0	indicate	no	observed	 accuracy	 difference	when	 imputing	with	 reference	 panel	 A	 or	 B.	 Points	falling	 below	 y	 =	 0	 represent	 cases	 where	 Beagle	 imputes	 with	 higher	 accuracy	when	using	reference	panel	B	relative	to	imputing	with	reference	panel	A.	
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Table	1.1.	A	 summary	of	Beagle	 and	 glmnet’s	 computation	 cost	 (in	 seconds)	
and	median	per-site	and	per-individual	accuracy	under	scenario	1,	2,	and	3.		(Top)	We	calculated	the	mean	computation	time	across	the	10	folds	of	each	cross-validation	 experiment.	 (Middle)	 We	 calculated	 the	 median	 r	 across	 sites	 and	reported	 this	 as	 a	 scalar	 summary	of	 imputation	 accuracy	 in	 that	 cross-validation	experiment.	 (Bottom)	We	calculated	 the	median	r	 across	 individuals	and	reported	this	as	a	scalar	summary	of	imputation	accuracy	in	that	cross-validation	experiment			
Mean	
computation	time	
Scenario	1	(seconds)	 Scenario	2	(seconds)	 Scenario	3	(seconds)	Beagle	 2249.6	 63713.5	 43935.4	Glmnet	 12477.86	 56295.45	 34551.17	
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individual	and	the	corresponding	source	vectors.	BIGRED	 calculates	 the	 posterior	 probability	 distribution	 over	 the	 set	 of	 relations	describing	the	putative	replicates	and	 infers	which	of	 the	samples	originated	 from	an	identical	genotypic	source.	The	source	vector	S	=	(1,2,1)	represents	the	scenario	where	sample	d	=	1	and	d	=	3	originate	from	an	identical	source.	Crossed	out	boxes	represent	samples	without	any	replicate.		BIGRED	detects	errors	by	estimating	the	conditional	posterior	probability	of	each	source	vector	S,	given:		
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1. Estimates	of	population	allele	frequency	at	L	randomly	sampled	biallelic	sites,	sampled	at	the	genome-wide	level	and		2. The	k	putative	replicates’	allelic	depth	(AD)	data	at	the	L	sites.	A	site	is	only	sampled	if	each	putative	replicate	has	at	least	one	read	at	that	site.		We	make	three	simplifying	assumptions:		1. The	species	is	diploid;	2. Each	polymorphic	site	harbors	exactly	two	alleles,	allele	A	and	allele	B,	i.e.	all	polymorphisms	are	biallelic;	3. Sites	are	independent.	BIGRED	allows	the	user	to	specify	a	minimum	distance,	in	base	pairs,	between	any	two	sampled	sites.	The	user	may	also	filter	sites	based	on	linkage	disequilibrium,	although	this	is	not	a	functionality	of	BIGRED.		
Defining	a	likelihood	function	for	G	Let	!!(!)	and	!!(!)	denote	the	observed	AD	data	and	the	underlying	(unknown)	genotype	at	site	v	for	putative	replicate	d,	respectively.	The	AD	data	records	the	observed	counts	of	allele	A	and	B	at	site	v	for	sample	d:	!!(!) = (!!(!,!),!!(!,!)).	Given	observed	data	!!(!)	and	fixed	sequencing	error	rate	e,	we	compute	the	likelihood	for	genotype	!!(!) = !	at	site	v	for	sample	d	using	a	binomial	model	as	follows,	where	! ∈ !!,!",!!:		
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	 ! !!(!) !!(!) = !, ! = !!(!,!) +  !!(!,!)!!(!,!) 1− !! !!(!,!)(!!)!!(!,!) 		
!! = !,0.50,1− !, whenwhenwhen  ! = 0 !" !!! = 1 !" !"! = 2 !" !!	
			(1)	
	




	 ! ! ! ! = ! ! ! ,! ! !! !  = ! ! ! ! ! ! ! ! !! !  
= ! !!! !!!!!!! ! ! ! !! ! 	
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Figure	2.2.	Defining	! ! ! ! 	for	k	=	3.	We	first	enumerate	all	possible	source	vectors	of	length	k	=	3	(left)	then	enumerate	all	labeled	genotype	vectors	consistent	with	each	source	vector	(right).	Each	path	in	a	given	tree	corresponds	to	a	genotype	vector	given	source	vector	S.	For	instance,	if	the	three	samples	are	related	by	source	vector	(1,1,2),	the	genotype	vector	can	take	one	of	nine	values.	We	compute	the	probability	of	each	genotype	vector	(given	S)	by	traversing	each	path	and	taking	the	product	of	the	probabilities	associated	with	the	
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edges	of	the	path.	Note	that	genotype	vectors	not	consistent	with	S	have	probability	zero	 (we	 omit	 these	 paths	 from	 the	 figure).	 Edge	 probabilities	 are	 defined	 using	user-supplied,	population	allele	frequencies	and	assuming	HWE.	
	
Estimating	! ! ! 	Once	we	compute	! ! ! ! 	at	all	L	sites,	we	compute	! ! ! 	jointly	across	all	L	sites	using	Equation	3	and	assuming	a	uniform	prior	on	S:		










































































Figure	 2.7	 Algorithm’s	 sensitivity	 as	 a	 function	 of	 the	 mean	 read	 depth	 of	











Table	 2.1	 A	 table	 summarizing	 the	 mean	 non-replicate	 rate	 μk	 of	 each	
breeding	institution.	For	each	institution,	we	categorized	genotypes	into	groups	based	on	the	number	of	putative	replicates	each	genotype	had.	Grey	rows	show	the	number	of	genotypes	in	each	 group	 nk	 for	 each	 breeding	 institution.	 We	 then	 calculated	 the	 mean	 non-replicate	rate	among	genotypes	of	a	given	k	μk	by	calculating	the	mean	probably	of	no	errors	then	subtracting	this	value	from	one.		
 Institution	 k	=	2	 k	=	3	 k	=	4	 k	=	5	 k	=	6	
nk	 IITA	 272	 154	 37	 11	 1	
μk		 IITA	 0.21	 0.16	 0.14	 0.27	 1	
nk	 NaCRRI	 58	 61	 0	 0	 0	
μk	 NaCRRI	 0.05	 0.21	 -	 -	 -	
nk	 NRCRI	 128	 31	 5	 8	 1	
μk	 NRCRI	 0.37	 0.32	 0.40	 0.25	 1	
nk	 IITA	&	NRCRI	 101	 31	 5	 8	 1	





Figure	 2.9	 Comparing	 results	 from	 complete-linkage	 hierarchical	 clustering	
and	the	proposed	method	Above	are	three	two-way	contingency	tables	comparing	the	results	from	complete-linkage	hierarchical	cluster	analysis	and	the	proposed	method	for	IITA	(A),	NaCRRI	(B),	and	NRCRI	(C).	Conflicts	between	the	two	methods	are	shown	in	red.	The	146	genotypes	shared	between	IITA	and	NRCRI	(Figure	2.4;	black)	are	represented	twice	in	 our	 results:	 once	with	 the	 329	 genotypes	 unique	 to	 IITA	 and	 once	with	 the	 27	genotypes	unique	to	NRCRI.		 We	compared	the	consistency	of	BIGRED	with	that	of	hierarchical	clustering.	Table	2.2	presents	the	mean	concordance	rate	between	the	“true”	source	vector	and	the	source	vector	inferred	from	L	sites	among	475	cases	across	the	10	runs	of	hierarchical	clustering	and	BIGRED.	BIGRED	had	a	higher	concordance	rate	than	hierarchical	clustering	at	every	L,	suggesting	that	BIGRED	is	a	more	consistent	estimator	than	hierarchical	clustering.	
	 64	
	
Table	 2.2	 A	 table	 comparing	 the	 consistency	 of	 BIGRED	 and	 hierarchical	
clustering	using	the	475	IITA	individuals	with	1<k<7	putative	replicates.	To	evaluate	 the	consistency	of	 the	 two	methods,	we	performed	error	detection	on	an	individual’s	putative	replicates	using	the	data	at	2000	sites	and	set	the	inferred	source	vector	as	the	“truth”.	We	then	performed	error	detection	a	second	time	using	a	smaller	number	of	sites	 (L)	disjoint	 from	the	 initial	 set.	We	compared	 the	“true”	source	vector	with	the	source	vector	inferred	from	L	sites.	For	each	IITA	individual,	we	tested	five	values	of	L	and	repeated	the	experiment	10	times	for	each	value	of	L.	We	 then	 calculated	 the	mean	 concordance	 rate	 between	 the	 “true”	 source	 vector	and	the	source	vector	inferred	from	L	sites	across	the	475	cases	and	across	10	runs.		 Method	 L=50	 L=100	 L=250	 L=500	 L=1000	
BIGRED	 0.9832		 0.9895	 0.9958	 0.9973	 0.9981	
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	 !!"#$ =  −log (1− Pr ℎ = 1 !! ,!! ,!! )		for	the	case	where	we	know	one	parent	of	t	 (1)	
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	 GG	 TMS13	 TMS14	 TMS15	Neither	parent	validated	 43	 197	 361	 765	One	parent	validated	(useable	as	duos)	
19	 532	 715	 684	
Both	parents	validated	(useable	as	trios)	
9	 1524	 1196	 470	
Missing	data	for	one	parent	and	the	other	parent	was	not	
78	 33	 97	 44	
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validated	Missing	data	for	one	parent	and	the	other	parent	was	validated	(useable	as	duos)	
38	 33	 137	 122	
Missing	data	for	both	parents	 54	 0	 0	 4		











Table	3.3	Number	of	sites	remaining	after	filtering	The	table	lists	the	number	of	sites	in	the	dataset	before	and	after	application	of	the	30%	 maximum-missing	 filter	 for	 each	 chromosome	 and	 removing	 monomorphic	and	singleton	sites.		Chromosome	 Number	of	sites	before	filter	 Number	of	sites	after	30%	maximum-missing	filter	
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SNP	2	 3,4	 3,0	 4,0	
	 	 	.			.			.	 .			.			.	 .			.			.	 .			.			.		 	 	





































































































1x 2x 3x 6x 15x











































































































1x 2x 3x 6x 15x
D E
MAF




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































● ● ● ●
●
●



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































0 10 20 30
physical position (Mb)
nu
m
be
r o
f c
ro
ss
ov
er
s
category
●
●
●
AWC
female
male
chr018; t=0.5; maxna=0.3
